Further evidence for the inclusion of polythionates in the pathway of thiosulphate oxidation by members of the genus Thiobacillus is presented. Manometric experiments showed tetrathionate oxidation to be a stage in thiosulphate oxidation by suspensions of T . thioparus and T. thiocyanoxidans. Thiobltcillus thioparus accumulated a sufficient concentration of polythionate in the medium to allow chromatograms to be prepared, and the type of polythionate accumulated was influenced by the ratio between the sodium and potassium ions in the medium. The restriction of the oxidation of tetrathionate at the lower concentrations of K+ may be due to a restriction in the entry of phosphate into the cell during growth; this is discussed.
INTRODUCTION
The first report of polythionate accumulation by a ThiobacilZus sp. growing in a thiosulphate medium was made by Nathansohn (1902) when he described the accumulation of an incompletely oxidized sulphur compound which did not react with iodine, but which was oxidized to sulphate by bromine. Since that time there have been several attempts to show the accumulation of polythionates by these organisms. Starkey (1935) was unable to detect the formation of polythionates by pure cultures of T. thioparus and T. novellus. He showed the formation of tetrathionate in cultures of T . trautweinii, which he considered was a heterotrophic organism and which has since been reported to be facultatively autotrophic (Parker & Prisk, 1953) . Skarzynski & Szczepkowski (1959) , by using a chromatographic method, were unable to detect the presence of polythionates in cultures of T . thioparus; they concluded that polythionates were not concerned in thiosulphate oxidation. The manometric experiments of Vishniac (1952) suggested that tetrathionate and trithionate were intermediates, whilst Trudinger (1959) showed the incorporation of radioactive 35S into tetrathionate and trithionate, and subsequently into a compound which he was unable to identify. Parker & Piisk (1953) showed the formation of tetrathionate by some Thiobacillus spp., but not by T . thioparus, and Pratt (1958) showed the formation of polythionate by the strains of T . thioparus and T . thiocyanoxiduns used in this work.
METHODS

Organisms
crude culture oxidising thiocyanate. 
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Collection of Industrial Bacteria-NCIB 83704escribed as ' Starkey's original non-motile strain'. This culture was purified by the isolation of a single colony on a thiosulphate agar plate.
Both these organisms have been maintained on thiosulphate agar slopes with weekly subculturing.
Thiosulphute medium
A solution containing: 10.0 g. Na,S,O,. 5H20; 3.5 g. KH,PO,; 1.4 g. KOH; 0.1 g. NH4C1; in 1 1. glass distilled water was autoclaved at 120' for 15 min., and after cooling, 10 ml. each of the sterile salt solutions B and C were added. Salt solution B contained 1.0 g. MgSO,. 7H,O; 0.2 g. MnS04.4H,0; 0.2 g. FeCl,; 3 ml. concentrated hydrochloric acid; glass distilled water to 100 ml. Salt solution C was a solution (1 yo, w/v) of calcium chloride in glass distilled water. Both salt solutions were sterilized by autoclaving at 120' for 15 min. The complete medium was a t pH 7. Solid media were prepared by adding 4 yo (w/v) washed agar to thiosulphate medium prepared a t twice the concentration shown above to give a final agar concentration of 2 yo (w/vj.
Suspensions of organism
The organisms were grown in 2 x 5 1. batches aerated with air containing 5 yo (w/v) carbon dioxide a t 30' -32' for 3-4 days. Harvesting was carried out with a de Lava1 centrifugal separator and a refrigerated M.S.E. centrifuge. All the equipment coming into contact with the organisms during harvesting was sterilized before use. Ten 1. of thiosulphate medium produced about 1.0 g. wet wt. organism which was suspended in 20 ml. of ~/ 1 5 phosphate buffer (pH 7.0) made from Na,HP04 and KH,PO,.
Manometry
Manometric experiments were carried out in a conventional Warburg apparatus under aerobic conditions at 30' . Carbon dioxide was absorbed with filter paper soaked in 0-2 ml. 20 % (w/v) KOH solution in the centre well. Substrate (0-5 ml.
~/ 5 0 )
was put in the side arm, 1-0 ml. of cell suspension in the main compartment with ~1 1 5 phosphate buffer (pH 7-0), to bring the total volume of the flask contents to 3.0 ml. The flasks and manometers were equilibrated in the bath for 15 min. before the reaction was started.
Estimation of polythionate
conversion of polythionates to thiosulphate and sulphite when heated with KOH.
The method used was that described by Starkey (1934) which depends on the
Chromatography
Identification of the accumulated polythionates was attempted by ascending chromatography, with the solvent isopropanol + acetone +water +potassium acetate (50 + 20 + 30 + 2 g.) described by Pollard, McOmie & Jones (1955) . Portions (10 ml,)
of culture filtrate was freeze-dried, taken up in 0.5 ml. distilled water, and spotted on acid-washed Whatman No. 1 chromatography paper. After running for 5 hr.
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the chromatograms were dried, sprayed with 0.5 N-silver nitrate, and excess silver removed by successive washings with water, 50 % (w/v) sodium thiosulphate solution, and water. The markers used for chromatography were sodium thiosulphate (Analar) and the potassium salts of tetrathionate and trithionate prepared by the methods described by Stamm, Goehring & Feldmann (1942) .
RESULTS
Manometric experiments
Manometric experiments on the oxidation of thiosulphate showed similar results for suspensions of both organisms. The change in slope of the thiosulphate oxidation curve reported by Vishniac (1952) was observed, although in our experiments this change occurred after an oxygen consumption in excess of the 56,ul. reported by Vishniac. Figures. 1 a and b shows the rates of thiosulphate and tetrathionate oxidation b y Thiobacillus thioparus and T . thiocyanoxidans. We endeavoured to obtain evidence of the presence of tetrathionate a t the time when the change in slope occurred. To stop the reaction, the reaction mixture from the flasks was tipped into ethanol, the organisms centrifuged down and the supernatant fluid freeze-dried. Chromatograms showed no trace of polythionate.
Accumulation of polythionates
In the standard medium cultures of Thiobacillus thioparws accumulated considerable amounts of polythionate in the medium during growth. The chromatogram obtained from cultures of T . thioparus grown at 32" in static culture for 67 hr. showed a spot which corresponded to the trithionate marker. With further incubation another spot running in advance of the tetrathionate marker appeared which we think may be pentathionate. Our attempts to prepare a pentathionate standard with which to make a direct comparison were unsuccessful.
In Polythionate accumulation was greatly decreased at the highest concentration but in this medium the thiosulphate was not completely utilized. Examination of the chromatograms from these cultures again showed two spots other than that for thiosulphate. The unknown component running in advance of tetrathionate again appeared, but in place of trithionate a spot corresponding to the tetrathionate marker was observed. The effect of varying the ratio between sodium and potassium ions in the medium was examined. The method used for increasing the phosphate concentration of the medium in the previous experiment increased the ratio between the sodium and potassium ions in the medium. Thus the medium described in the methods section has a ratio of 0.93 g. ion sodium:l g. ion potassium, whereas in the experimental cultures this ratio varied hetwcen 4.2:1 for ~/ l 0 phosphate and 21.431 for ~/ 2 5 0 phosphate. It seemed possible that this increased ratio between the sodium and potassium ions in the medium might be responsible for the change in the type of polythionate accumulated by the organism. By the replacement of some of the potassium salts in the standard medium by the equivalent amounts of the sodium salts, media having ratios between the sodium and potassium ions of 2.4:1, 5.6:1, and 8.7: 1 were prepared. The type of polythionate accumulated by the organism growing in these media was compared with that accumulated during growth on the standard medium. A chromatogram was obtained from a culture in a medium having a ratio between the sodium and potassium ions of 5.6;1, and was typical of the Thiosulphate metabolism chromatograms obtained from the other two media which had high ratios between the sodium and potassium ions. The chromatogram showed accumulation of tetrathionate instead of trithionate, and also the component which ran in front of tetrathionate.
Further experiments were made to investigate the effect of decreasing the ratio of sodium ion to potassium ion below 0-93:l. Substitution of part of the sodium thiosulphate by the equivalent amount of the potassium salt produced a series of media having ratios of 0.81 : '1, 0-57: 1, and 0.45 : 1, between the sodium and potassium ions. The type of polythionate accumulated during the growth of Thiobncillus thioparus in these media was compared with that accumulated during growth in the standard medium. Typical chromatograms obtained from the cultures grown in the medium having a ratio of Na:K of 0.57:l showed the accumulation of trithionate and the component which ran in advance of the tetrathionate marker.
DISCUSSION
Evidence has been presented for the inclusion of polythionates in the pathway of thiosulphate oxidation by the thiobacilli and supports that obtained by Vishniac (1952) and Trudinger (1959) that the initial stages in thiosulphate oxidation by the thiobacilli are :
Manometric experiments with suspensions of Thiobacillus thioparus and T . thiocyanoxidans showed both organisms to be capable of oxidising tetrathionate. The rate of oxidation of this substrate is similar to that shown by the second part of the thiosulphate oxidation curve (see Fig. 1 a and b) . These results are similar to those obtained with T . thioparus by Vishniac (1952), except that the change in slope occurred a t an oxygen absorption in excess of the 56 pl. observed by Vishniac.
Baalsrud & Baalsrud (1954) suggested that in the case of 2 ' . denitrificans such changes in the rate of thiosulphate oxidation were brought about by damage which the cells sustained when the pH value of the medium decreased during growth. Extending this view to T. thiopurus and T . thiocyanozidans it seems possible that the disparity between our results and those of Vishniac about the quantity of oxygen utilized before the change in rate of thiosulphate oxidation occurs was caused by this phenomenon.
Although we did not observe the presence of polythionates in the reaction vessels during manometric experiments, Thiobacillus thioparus was shown to accumulate considerable amounts of polythionate in the medium during growth on thiosulphate. Cultures grown in the standard thiosulphate medium were shown by chromatographic methods to accumulate trithionate and what may be pentathionate. The work of Vishniac & Santer (1957) showed a requirement by suspensions of T . thioparus for phosphate or arsenate to allow complete oxidation of thiosulphate. Increasing the phosphate concentration of the growth medium to M /~O resulted in a considerable suppression of polythionate accumulation. Further experiments which involved altering the ratio between the sodium and potassium ions in the medium indicated that this ratio was also of importance in the oxidation of thiosulphate by growing cultures.
The absorption of potassium in yeast, Escherichia coli, 'Bacterium lactis aerogenes ' and some marine bacteria occurs only in the presence of a substance which can pro-G . L. JONES AND F. C. HAPPOLD duce energy; phosphate uptake by these species of organisms is stimulated by the presence of potassium, each K+ ion being associated with the loss of a H+ ion from the cell and each phosphate being associated with the gain of a H+ ion by the cell (Rothstein, 1959) . Comparable factors may well operate here, the lower concentrations of potassium in some of the media restricting the amount of phosphate entering the cell and thus preventing the further oxidation of tetrathionate.
Our initial experiments on the accumulation of polythionate in the medium were carried out with cultures of Thiobacillus thiocyanoxidans and T . thioparus; only very small amounts of polythionate were observed in the cultures of T . thioyanoxidans.
From time to time there appear in the literature indications of more complex sulphur compounds as intermediates in the pathway of thiosulphate metabolism. Skarzynski & Szczepkowski (1959) suggested that polythionates were not concerned, and that the sulphur passed through organic intermediates. Santer et al. (1960) also suggested the existence of an organic intermediate, and Trudinger (1959) showed the incorporation of radioactive sulphur into an unknown compound after its incorporation into tetrathionate and trithionate. There seems little doubt that polythionates are concerned in thiosulphate metabolism, and perhaps the suggested organic intermediates are concerned in the unknown steps which convert trithionate to sulphate.
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